In the present paper, the calculatioii of the phonon dispersioii relations for alkali metals to second order in a local pseudopotential is discussed in terms of the real-space sum. Dicherent forms of dielectric functions are employed to judge the varying echects of exchange and correlation on the phonon frequencies. The quantitative agreement of phonon frequencies for the alkali metals reflects, satisfactorily, the experimental trend.
Introduction
Lattice dynamics is one of the fundamental problems in solid state physics and the study of phonon dispersion curves (PDC) offers a primary step towards solving such problems. The development of the pseudopotential theory into a practical computational tool has made tremendous impact in such studies [1] . Grimvall [2] had noted that the theoretical understanding of PDC of Na is very good, for Li, K and Rb it is good and that for Cs is poor or fair. Mishra and Singh [3] had pointed out that the theoretical studies of PDC of alkali metals based on pseudopotential theory have not succeeded in ascertaining whether the nature and range of interatomic forces vary from one alkali metal to another. Over the past few years, PDC of alkali metals have been investigated on the basis of a variety of model pseudopotentials [3] [4] [5] [6] [7] [8] [9] [10] . But there have been limited attempts • to calculate the PDC of all the five alkali metals (Li, Na, K, Rb and Cs) by using the same form of the local pseudopotential [4] [5] [6] [7] [8] [9] [10] . In these attempts, Ho [4] had used the screened potential formed by linear screening of Heine-Abarenkov type ion potential, and modified Hartree dielectric function to include approximately exchange and correlation effects. The model parameters were determined according to the experimental elastic constants. Price et al. [5] had studied phonon dispersion relations (PDR) of all the five alkali metals with the Aschroft form of the pseudopotential, in which the only parameter is the core radius. The effect of the Coulomb interaction, RPA dielectric function, Hubbard's modifled dielectric function and self-consistent dielectric function were also examined in their (489) work. Gurskii and Krasko [6] had applied two-parametric local pseudopotential. The parameters were determined using the equation of state of the crystal. Soma [7] had generated PDC of alkali metals using Heine-Abarenkov model. The effect of various forms of exchange and correlation on the phonon frequencies as well as the crossing of dispersion curves in [001] directions were also studied in his investigation. The compression effect on the PDC of Li, Na, K, Rb and Cs were also studied by Soma et al. [8] . Sen et al. [9] had obtained PDC of alkali metals using Heine-Abarenkov model in conjunction with Taylor's dielectric function and taken care of the consistency condition. Singh et al. [10] used the exponentially damped two-body interaction obtained in second order perturbation theory with the rational and Lindhard-Taylor dielectric functions along with the Heine-Αbarenkov model potential to calculate the phonon spectra of alkali metals. The experimental phonon frequencies of Cs have been available after the work of Mizuki and Stassis [11] . This might be the reason that in the study of PDR of alkali metals Hafner [12] , Sen and Sarkar [13] , Sen et al. [14] , Das et al. [15] had attended Li, Na, K, .Rb and excluded Cs.
Keeping in mind all the above studies [3] [4] [5] [6] [7] [8] [9] [10] , we thought it worthwhile to apply our single parametric local pseudopotential [57] to study the PDR of all the five alkali metals to conflrm the applicability and usefulness of our model to light as well as heavy alkali metals. Hence the motivation of the present work comes from the fact that it is desirable to yield satisfactory PDR at primary stage by a physically meaningful pseudopotential before making a comprehensive lattice dynamical calculations.
The dynamical matrix from which phonon energies are calculated may be obtained either by summing real-space force constants or by performing a sum in reciprocal-space. In the present paper the calculation of the phonon frequencies of alkali metals to second order using a local pseudopotential [57] is discussed in terms of the real-space sum. This method is found to converge faster than the more common reciprocal-space sum and to be more convenient for the calculation of smooth dispersion curves [10, 58, 59] . More commonly used dielectric functions, viz. Hartree [60] , Hubbard-Sham [61] , Kleinman-Lengreth [62] , Shaw [63] , Vashishta-Singwi [64] , and Taylor [65] are employed to judge the relative effects of exchange and correlation in the different branches of the PDC of alkali metals. Finally, the best values of phonon frequencies resulting with a particular dielectric function are selected for the detailed study.
Outline of calculations
The phonon frequencies can be obtained from the three solutions of the secular determinantal equation [59] where M is the ionic mass, v -the phonon frequency and q -the wave vector.
The dynamical matrix, in which the force between two ions depends only upon the distance between them is then given by [58] :
where rl α and rlβ are the α-th and β-th Cartesian component of the position vector of the l-th ion, respectively.
The real-space sum for Dαβ (q) is obtained by defining radial (Rl) and tangential (τl) force constants, which depend only upon the distance between the ions, as [58, 59] and where and Here y = q/kF, 00 is the Bohr radius, Vb(q) -the bare-ion model potential and the function G(q) incorporates exchange and correlation effects among conduction electrons.
Finally, the dynamical matrix element used in the computation is written as
Model potential
Τhe bare-ion local pseudopotential used in the present calculations is of the form [57] (Rydberg units)
It may be noted that the above form of the potential contains only single parameter rc. This potential is continuous at r = rc and gets weaker and weaker within the core region. The Fourier transform of the potential in the momentum space turns out to be where Z is the valency, Ω0 -the atomic volume, q -the wave vector, e -the base of natural logarithm and rc -the parameter of the potential. The parameter rc was estimated from q = q0 value as described in our recent publications [57, 66, 67] . At q0 the pseudopotential form factor, Vb(q), gives first zero. Τhe flrst few reciprocal lattice vection lie close to q0, so that the sign and the magnitude of υ(q) are very sensitive to the position of q0. The phonon frequencies and electronic properties are quite Sensitive to the position of q0 and to the slope of υ(q) at q0 as well.
For example, a slight change in the position of q0 is enough to lead to an inversion of the order of W1 and W2 band energies in aluminium [58] . Therefore instead of fitting the rc with any physical property we have used suitable value of q0 [61] for determining the parameter rc. This requires that υ(q) = 0 which gives The value of r and other pertinent data used in the present study are given in Table I . The parameter of our model potential is determined by the first zero of the pseudopotential and we have no fitting parameter to the observed phonon dispersion curves. It is, therefore, very interesting to study phonon spectra of pure alkali metals.
Results and discussion
The force constants for the alkali metals Li, Na, K, Rb and Cs were calculated by performing the integrals in Eqs. (3) and (4) up to 40k F . This covers all the oscillations of the form factor of the pseudopotential. Therefore, any artificial (fictitious) cut-off of the form factor is avoided in the present study. In order to achieve better accuracy at the smaller values of q, the real-space sum of D(q) was performed for 30 nearest neighbours. The radial (Rl) and tangential (Τl) force constants calculated for Li, Na, K, Rb, and Cs, and further used in the computation of phonon frequencies, are tabulated in Table II. In addition to experimental studies [11, [68] [69] [70] [71] the phonon dispersion in the alkali metals have been the subject of several theoretical discussion also [3-10, 12-56] based on pseudopotential theory. The detailed account about the PDC of bcc alkali metals studied here is as below.
Lithium (Li)
This metal happens to be an interesting choice for the study among the alkali metals. Its experimental phonon dispersion from neutron scattering [68] slows that the transverse branch crosses over the longitudinal branch along [100] direction.
The PDC of Li due to present calculation along with experimental points [68] are displayed in Fig. 1 . Surprisingly in our investigation, we have found that
Hartree [60] dielectric function could reproduce the best results among all tle six dielectric functions employed here. But we do not claim the exact reproducibility of the cross-over along [100] direction. Because the results with H-screening function [60] show that near zone boundary, the longitudinal and transverse modes are almost degenerate and there is a slight crossover of both the branches beyond q = 0.9. With the Taylor [65] screening function, this happens beyond q = 0.85. When V-S [64] screening function is used it is found that the crossing takes place above q = 0.85 with a very narrow separation between both the branches beyond q = 0.6. To get an idea about the exact location of the crossover in [100], the numerical values of the phonon frequencies are tabulated in Table III . From Fig. 1 and Table III , it seems that the sharpness of the PDC of Li along [100] direction may be due to the exchange and correlation effects. However, overall agreement with experimental findings is quite satisfactory and almost similar to the previously reported work [4-35, 41, 52, 54] .
Sodium (Na)
This is metal much favoured by many people for the application of the constructed potential in the calculations of PDR. A good number of satisfactory calculations exists for the phonons propagation along the symmetry directions of metallic sodium [4-17, 22, 24, 30, 35-42, 48, 55, 56] . This is mainly due to the fact that the conduction electrons response to the vibrating ions, through which the pseudopotential enters the calculations, accounts for a relatively small proportion of the effective interaction between ions. Moreover, as band effects are negligible and Fermi surface of Na is almost spherical, it is easy to establish an exact appropriateness of any pseudopotential at a primary stage.
The calculated phonon frequencies of sodium on the basis of present study are shown in Fig. 2 . An overall satisfactory agreement between the theory and experiment [69] can be noticed from the dispersion curves. Here, the Taylor [65] dielectric function has reproduced the best results among all screening functions that we have considered.
Potassium (K)
The trend of PDC of potassium is almost similar to that of sodium and hence people have reported expected results for its phonon frequencies on the basis of different model potentials [4-16, 22, 24, 38, 39, 41, 42, 48-50, 55, 56] . We have also obtained excellent results for PDC of potassium. This can be adjudged from the comparison of our theoretical curves with the experimental points [70] , as shown in Fig. 3 . We further note that in the present study, K-L [62] dielectric function has given the best agreement with experimental values.
4.,4. Rubidium (Rb)
This metal possesses a large thermal expansivity and hence it provides a. good opportunity to study the volume dependence of the phonons in some detail. Due to this feature of Rb, Copley and Brockhouse [71] have reported accurate measurements of the PDR at different temperatures, such as 12 K, 85 K, 120 K, and 205 K. Here our main efforts are devoted to the study of PDC of Rb along three major symmetry directions. In Fig. 4 the PDC of Rb obtained in the present work are shown along with the experimental points [71] . The agreement between theory and experiment is excellent and the results are compatible to other such findings [4-16, 24, 25, 41, 43-45, 51, 53] . For Rb, the use of V-S [64] dielectric function has yielded satisfactory results.
Cesium. (Cs)
This is the heaviest among all the alkali metals. Moreover, chemically it is most reactive and hence it is difficult to obtain its sufficiently large sized samples in single crystal form. Due to this reason, people had to attend this metal without experimental data for quite a long time. Mizuki and Stassis [11] have reported in detail the measured values of its phonon frequencies. The comparison between experimental findings [11] and our calculations of dispersion relations, incorporating Hartree [60] dielectric function are shown in Fig. 5 . If we look to the previous such studies [4-10, 25, 43, 44, 45] it is interesting to point out that for Cs Singh et al. [10] have obtained really better PDC. In all the tlree symmetry directions we could generate good results only for the small values of q. For higher values of wave vector our theoretical findings are lower than the experimental points. Any reason could be possible for this discrepancy. As cesium is a heavy alkali metal, probably relativistic effects might be playing an effective role.
Conclusions
In the present paper, instead of reciprocal-space sum method, we have used real-space sum method to demonstrate that with an appropriate choice of bare-ion pseudopotential and dielectric function, one can achieve an excellent agreement between calculated and experimental phonon frequencies. For this purpose, a local form of the potential bearing only one parameter and commonly used six different dielectric functions are employed. As the parameter of the potential is estimated on a Sound physical basiS by using q = q0 value, the reSultS fOr the evaluated phonOn frequencies for the alkah metals are highly encouraging. Here pseudopotential form factor is characterised without fitting any experimental phonon frequency at zone boundary, therefore, overall good results in all the symmetry directions could indicate the possibility for further investigation of remaining lattice dynamical study in detail. Apart from a crossover between the longitudinal and transverse branches in the [100] direction of Li and low lying modes in Cs, excellent agreement between theory and experiment is observed. Just to highlight the results it may be noted that VL (100) frequency of all the alkali metals is found to be in agreement with experimental value within maximum deviation up to 1.37%. Such deviation for the frequency vL(1/2, 1/2, 1/2) is noticed to be maximum up to 5%. But it is absolutely necessary to examine the stability of the potential against various dielectric functions before its application for the comprehensive study of metals. This can give a unique combination of bare-ion pseudopotential with a proper screening function and hence one can also decide the nature of screening in the particular metal. It would be interesting to repeat the present investigation by employing Ichimau-Utsumi [72] screening function. This function accurately reproduces the Monte Carlo results as well as those of the microscopic calculations and which satisfles the self-consistency conditions in the compressibility sum ule and the short range correlation. Further, we also add here that to examine the fme stucture characteristics of PDC, on the basis of pseudopotential theory, one must incorporate the complete character of the form factor as well as sufficient long range forces.
